Kaposi's sarcoma-associated herpesvirus encodes a protein, kaposin B, which is composed of multiple copies of 23-amino-acid direct repeats, termed DR2 and DR1. Kaposin B enhances the release of pathogenetically important proinflammatory cytokines by activating the p38 mitogen-activated protein kinase (MAPK)-MK2 kinase pathway and blocking cytokine mRNA decay. Here, we show that this mRNA stabilization function requires both the DR2 and DR1 elements of kaposin B; a monomeric form of the protein consisting of one copy of each repeat retains function. Furthermore, we show that p38 MAPK is capable of directly phosphorylating kaposin B in vitro and map the site of phosphorylation to a specific serine residue in DR1. Mutational ablation of this serine abolishes phosphorylation of the protein by p38 MAPK but does not affect kaposin B's ability to extend mRNA half-life.
where it can bind and phosphorylate MK2 (8, 19) . This phosphorylation leads to the export of both proteins to the cytosol, where MK2 can phosphorylate additional target proteins (7, 17, 27) , including proteins that control the half-life of an important subpopulation of labile cytoplasmic mRNAs-those bearing AU-rich elements (AREs) in their 3Ј untranslated regions (14) . In the ground state, ARE-containing mRNAs are extremely unstable (4, 22, 23) ; when MK2 is activated, however, phosphorylation of its downstream cytosolic substrates results in marked stabilization of these messages (25, 28) . This result is of interest because many cytokine and growth factor transcripts harbor AREs and are regulated in this fashion.
In kaposin B-expressing cells, the protein can be readily found bound to MK2, and MK2 activity is enhanced in this complex (16) . Kaposin B-mediated activation of MK2 blocks the decay of several ARE-containing mRNAs, with a resulting net increase in the production of proinflammatory cytokines, such as interleukin-6 and granulocyte-macrophage colonystimulating factor (GM-CSF) (16) . We have previously shown that the binding to MK2 maps to the amino-terminal DR2 element of kaposin B (16) . To determine whether the DR2 elements alone could mediate the downstream blockade in ARE-mRNA decay, we employed a previously described assay in which a ␤-globin reporter gene bearing a 3Ј ARE (from GM-CSF) is placed under the control of a Tet operator in HeLa Tet-Off cells (5, 6, 16) . These cells stably express a chimeric transcriptional activator whose activity is repressed by doxycycline. Transient transfection of these cells in the absence of the drug results in expression of the chimeric mRNA; the addition of doxycycline turns off new transcription, allowing assessment of the half-life of the transcript by Northern blotting of RNA harvested at serial time points thereafter (16) . HeLa Tet-Off cells were transfected with either a control (empty) vector, a vector expressing wild-type (WT) kaposin B, a DR2 multimer, or a DR1 multimer; at 30 h posttransfection, doxycycline was added and RNA harvested at 0, 1, 2, and 4 h thereafter. As shown in Fig. 1A , the ␤-globin-ARE-mRNA was extremely unstable in the absence of kaposin B and was dramatically stabilized by expression of WT kaposin B. As expected, proteins composed of DR1 alone did not function in this assay. The construct containing DR2 alone was also inactive, indicating that the ability to bind MK2 in vitro is not sufficient for functional activation of MK2 in vivo. This implies that DR1 contributes an important function to kaposin B either by the presentation of DR2 to MK2 in an optimal manner or by the interaction of DR1 with other cellular components required for activation. Interestingly, expression of the DR2 elements dominantly inhibits the function of WT kaposin B in cotransfected cells (Fig. 1B) without affecting WT kaposin B protein levels. Conversely, the DR1 elements have little effect on WT kaposin B activity (Fig. 1B) . Taken together, these findings suggest that each set of repeats contributes importantly to the function of the wild-type molecule.
DR2 is reiterated three to five times in known strains of KSHV and is followed by longer expanses of DR1 elements; the structure of the kaposin B protein used in the present study is depicted in Fig. 2A . To determine whether multimerization of DR2 and DR1 is important for kaposin B function, we constructed a monomeric form of kaposin B containing only a single copy of DR2 and DR1. The miniprotein eliminates the short unique sequences at the N and C termini of authentic kaposin B and contains a single copy of DR2 linked by a short bridge of alanines to a single copy of DR1 ( Fig. 2A) . In the ARE-mRNA decay assay, the kaposin B miniprotein substantially enhanced the stability of this mRNA, though its activity was discernably less than that of the full-length isoform (Fig.  2B ). The ability of the monomeric kaposin B to stabilize AREmRNAs predicts that this isoform should also be able to bind and activate MK2, the central regulator of ARE-mRNA decay in the cell. To address this, we tested the ability of a glutathione S-transferase (GST)-kaposin B miniprotein purified from Escherichia coli to interact in vitro with purified recombinant MK2, as judged by the ability of the complex to be precipitated by glutathione-agarose beads. Figure 2C shows that efficient MK2 binding occurs with GST-kaposin B, while none is observed with GST alone. Parallel experiments with GST-DR1 and GST-DR2 proteins mapped the interaction domain to the region encoded by DR2, consistent with previous findings (16). HeLa Tet-Off cells were cotransfected with a ␤-globin-based reporter (with the AU-rich element from GM-CSF inserted in its 3Ј untranslated region) and test plasmids. After 30 h, doxycycline (dox.) was added to the media to stop transcription. RNA was harvested at 0, 1, 2, and 4 h after doxycycline addition; ␤-globin and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNAs were detected using 32 P-labeled antisense riboprobes. (B) The DR2 elements block the function of WT kaposin B in ARE-mRNA decay. Cells were cotransfected with equal amounts of the indicated test plasmids and ␤-globin-ARE reporter and treated with doxycycline as described above. ␤-globin-ARE-mRNA levels were normalized to GAPDH-mRNA levels and expressed in terms of percent mRNA remaining.
The kaposin B miniprotein retains the ability to bind to MK2 in vitro, although this binding is weaker than that observed for full-length kaposin B. To document that MK2 kinase activity was also enhanced by monomeric kaposin B, we transfected HEK 293T cells with full-length kaposin B or the kaposin B miniprotein for 48 h, immunoprecipitated MK2, and examined MK2 kinase activity in the precipitate (as assayed by its ability to phosphorylate a well-known substrate, Hsp27 [26] ; method described in reference 16). The positive control in these kinase assays is hydrogen peroxide (H 2 O 2 ), an oxidative stress and activator of p38 MAPK and MK2 (11, 16) . Figure 2D shows that MK2 kinase activity was indeed augmented by expression of the kaposin B monomer. We conclude that oligomerization of the kaposin B direct repeats is not absolutely required for activity, though it clearly greatly amplifies it. These experiments also demonstrate that the unique amino-and carboxyterminal regions of kaposin B are dispensable for MK2 activation. However, there is no question that the multimeric form of kaposin B is more active in MK2 activation; this may be because docking of multiple MK2 proteins on the scaffold increases the local concentration of MK2 chains around p38 MAPK that are also present in the complex (16) . However, other models are possible, for example, multimerization of the repeats may change the tertiary structure of one or more repeats, making it more accessible to MK2 or more efficient in provoking an activating conformational change in that kinase. Further work will be necessary to distinguish among these possibilities.
The close association of kaposin B and a host cell kinase raises the possibility that kaposin B may be a target for phosphorylation. To investigate kaposin B phosphorylation, FLAGtagged kaposin B was immunoprecipitated from cells treated with H 2 O 2 and immunoblotted with antiphosphoserine antibodies. Figure 3A reveals that H 2 O 2 treatment induces a serine-phosphorylated species that comigrates with FLAGtagged kaposin B. A review of the kaposin B sequence predicted a single major candidate site for phosphorylation by p38 (PSSP), indicated by shading in Fig. 2A (15) . This site is located in the DR1 elements of the protein, a result that was of special interest given that (i) kaposin B is found in a complex with p38 in cells (16) and (ii) the DR1 elements are essential for kaposin B activity, though they appear to be dispensable for MK2 binding (Fig. 2C) . Accordingly, we wondered whether phosphorylation of this site by p38 could be demonstrated and whether it was required for function in ARE-mRNA stabilization. To address this issue, in vitro p38 and MK2 kinase assays were performed using purified GST-kaposin B as a substrate. Figure 3B shows that GST-kaposin B is efficiently phosphorylated by p38 MAPK but not by MK2. This phosphorylation is not due to contaminating kinases, because the selective p38 MAPK inhibitors SB203580 and SB202190 are able to efficiently block phosphorylation of GST-kaposin B (Fig. 3C) . In order to rigorously map the p38 MAPK phosphorylation site on kaposin B, we tested a series of GST fusion proteins in the p38 kinase assay, including (i) native (multimeric) kaposin B, (ii) kaposin B miniprotein, (iii) multimers of DR2, (iv) monomers of DR2, (v) multimers of DR1, and (vi) monomers of DR1. Figure 3D (bottom) indicates that all of these polypeptides were expressed comparably well in E. coli, though several of the larger multimeric versions underwent limited proteolysis during extraction. Each of these polypeptides, bound to glutathione-Sepharose beads, was then admixed with 10 ng of purified recombinant active p38 and [␥-
32 P]ATP. After we washed away unincorporated isotope, the radiolabeled GST fusion proteins were examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography (Fig. 3D, top) . This revealed efficient phosphorylation of native and monomeric kaposin B, as well as the multimeric and monomeric DR1 fusions. As expected, no phosphorylation was observed on either the multimeric or monomeric DR2 fusions or on GST alone, excluding the possibility of adventitious phosphorylation of irrelevant vector sequences. We also tested a short peptide (GAAHPRNPARRT PASSPGTWCPPPREP) from the junction of DR1 and DR2 that does not possess the putative PSSP phosphorylation site; this too was not phosphorylated. To map the phosphorylation site, we then mutated the putative target serine in DR1 to alanine (PSSP 3 PSAP), in the context of the monomeric kaposin protein. As shown in Fig. 3D , this mutation completely ablated phosphorylation by p38, consistent with the prediction that this residue is the sole site of p38 phosphorylation in the chain.
To ask whether phosphorylation at this site can have functional importance in cells, the PSAP mutant described above was introduced into a kaposin B monomer in the pCR3.1-based eukaryotic expression vector. This construct and its wildtype monomeric counterpart were tested for the ability to stabilize globin-ARE transcripts in HeLa Tet-Off cells, as described above. Figure 4A shows that the PSAP mutant miniprotein and the wild-type miniprotein possess identical AREmRNA-stabilizing activities. Furthermore, the p38 site mutant miniprotein retained the ability to bind to MK2 in vitro (Fig.  4B ) and activate cellular MK2 kinase activity (Fig. 4C) , though the level of this activation was somewhat reduced compared to those of full-length kaposin B and the kaposin B miniprotein. Thus, phosphorylation of kaposin B DR1 by p38 MAPK is dispensable for ARE-mRNA stabilization. While our results clearly show that p38 phosphorylation within DR1 does not affect mRNA stabilization (and, by inference, cytokine release), we emphasize that this by no means implies that phosphorylation at this site can play no biological role. While DR1 has not yet been assigned a binding partner or any specific function in vitro or in vivo, it is always conserved in KSHV isolates, and deletion of DR1 cripples the RNA-stabilizing activity of kaposin B. We think it highly likely that DR1 has specific partners; if such partners mediate activities other than mRNA stabilization, then the lesions or modifications affecting them would have no phenotype in our present functional assay. Finally, our demonstration that monomeric kaposin B retains significant functional activity makes possible a detailed mutational analysis of the protein to map residues important for ARE-mRNA stabilization. Such an analysis is currently under way and should further inform our understanding of this remarkable polypeptide.
